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ABSTRACT 

In the context of the "missing metals problem" , the contributions of the UV-selected 
z ~ 2.2 "BX" galaxies and z ~ 2.5 "distant red galaxies" (DRGs) have not been 
discussed previously. Here we show that: (i) DRGs only make a marginal contribution 
to the metal budget (~ 5%); (ii) BX galaxies contribute as much as 18% to the 
metal budget; and (iii) the A'-bright subsample {K < 20) of the BX sample (roughly 
equivalent to the 'BzK' selected samples) contributes roughly half of this 18%, owing 
both to their larger stellar masses and higher metallicities, implying that the rare K- 
bright galaxies aX z > 2 are a major source of metals in the budget. We showed in the 
first paper of this series that submm galaxies (SMGs) brighter than 3 mJy contribute 
'^5% (< 9% as an upper limit) to the metal budget. Adding the contribution of SMGs 
and damped Lya absorbers, to the contribution of UV selected galaxies, implies that 
at least 30% of the metals (m galaxies) have been accounted for at z ~ 2. The cosmic 
metal density thus accounted for is pz,gaiaxics — 1.3 x 10^ Mq Mpc^'^ or in terms of 
the closure density, ilz = 9.6 x 10~^. This is a lower limit given that galaxies on the 
faint-end of the luminosity function are not included. An estimate of the distribution of 
metals in local galaxies as a function luminosity suggests that galaxies with luminosity 
<L* contribute about half of the total mass of metals. If the metals in galaxies at z^2 
are similarly distributed then faint galaxies alone cannot solve the 'missing metals 
problem.' Galaxy populations at Z'^2 only account for about 50% of the total metals 
predicted. 
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1 INTRODUCTION 

For a given initial mass function (IMF), the total expected 
amount of metals pz.cxpcctcd formed at a given time t is 
simply the integral of the star formati on history (SFH) 
or star formation rate density (SFRD ;^il^^^L|]l 996l : 
iMadau et al.ll996l : lGiavahsco et alJ2004HHopkinj2004 and 
others): i.e., pz.cxpoctod = P*(t)x < Pz >, w h ere < Pz > is 
the m ean stellar yield dSongaila et aljfl990l) . iMadau et alJ 
l|l996l) found that < Pz >= ^ or 2.4% using a Salpeter 
IMF extending from 0.1 to 125 Mq ^ an d the type II steUar 
yields (for solar metallicity) Pz(m) from lWooslev fc Weavei) 
il995h . After integrating the SFH over the redshift z range 
from 4 to 2 (or 1.75 h^Q Gyr), we find that the total co- 
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^ iMadau et al.l ll996l) notes that the conversion is fairly insen- 
sitive to the IMF as long as the stellar population extends as a 
power law to massive stars, 50-100 M©. 



moving metal density is: 

PZ,expected = 4.0 X 10*^ Mq MpC-^ (1) 

jBouche et all2005l : lp'ettini2003l) using theSFH parameter- 
ized (in a LCDM cosmology) either as in ICole e t al. ( 20o3) 

or by a constant star formation rate (SFR) beyond z = 2. 
Equation is about 25% of the z = metals. 

At redshifts z ~ 2—3, our knowledge of the cosmic metal 
budget is still highly incomplete, contrary to the situation 
at redshift 2 = (e.g. Fukuaita k Peebles 2004) . Until very 
recently, it was thought that only a small fraction (20%) of 
the budget is actually accounted for when one adds the con- 
tribution of the Lya forest (A'jjj = 10^^~^^ cm~^), damped 
Lya absorbers (DLAs) (Ajj j > lO^"'^ cm~^), an d galaxies 
such as Lyman break galaxies (LBGs) jPettini et al. 19991: 
|Pa,xelll2nn2t Ip^tthlm: IWoTfe et a.1 Jl200.?^ . ' 

Over the last decade, numerous samples of z > 2 
galaxies have emerged thanks to the increasing size and 
sensitivity of near-infrared detectors and to the availabil- 
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ity of ultraviolet-sensitive instruments. On the one hand , 
the z = 3 Lyman break technique (e.g. ISteidel et alj[l999l) 
was extended to lower redsh ifts (z ^ 1.5-2.5) using dif- 
ferent UnGTZ colour criteria dSteidel et alj|20M) . Samples 
sele cted in this way are referred to as 'BX/BM' galax- 
ies (lAdelbereer et alJl2004 . Using near-infrared imaging to 
select red galaxies with J — Ks > 2.3 colour, the Faint 
Infrared Extr agalactic Survey (FIRES) i Franx et af] 120031: 
Ivan Dokkum et al. 2003) unveiled significant numbers of 
galaxies at z ~ 2.5 which they dubbed 'distant red galax- 
ies' (DRGs). The FIRES near-infrared selection includes 
both passively evolving (PE) an d reddened star-forming 
(SF) galaxies with E{B-V) > 0.3 jForster Schreiber et al.J 
|20o3). The K <20 criterion (hereafter 'K20'; Cimatti et al. 
2002) and in particular the B — z vs. z — K colour criteria 
(hereafter 'BzK'; Daddi et al. [2004,2005]) also revealed a 
significant number of galaxies with 1.5 < z < 2.5 with a 
range of star-formation histories including both SF and PE 
galaxies. 

This paper is the second in our series to estimate the 
contribution of various galaxy populations at z ~ 2 to the 
total metal budget. In Bouche ct al. (200^ (paper I), we 
showed from current observations of z ~ 2 submm galaxies 
(SMGs) that SMGs (brighter than 3 mjy) contain ~5% (and 
certainly <9%) of the metal budget at z ~ 2. In this paper, 
we discuss the contribution of 2 ~ 2.2 colour selected galax- 
ies to the metal budget. We will show that colour selected 
galaxies ('BX' galaxies) contribute significantly (~ 18%) 
to the metal budget. The if-bright (Ks < 20, hereafter 
BX+K20) subsample contributes 8% to the metal budget, 
or almost half of the 18%. Since these samples are all mag- 
nitude limited, we discuss likely contribution of the sample 
of galaxies at z~2 if one considers the faint end of the lumi- 
nosity function using the metal-luminosity relation in local 
galaxies. Such an analysis suggests that galaxy populations 
at z~2 only contribute about 50% to the total metal budget. 
In paper III, we will explore whether the remaining metals 
have been expelled from small galaxies into the intergalactic 
medium (IGM). 

In the remainder of this paper, we used flu ~ 0.3, 
Qa ~ 0.7, Ho = 70 /170 kms~^ Mpc— 1 and h — /iioo. 



2 THE METAL BUDGET AT Z ~2.2 

2.1 The contribution of 'BX' galaxies 

Using colour selection criteria similar to those of 2 = 3 
LBGs, Steidel and collaborators have constructed large sam- 
ples of galaxies at z ~ 2.2 (BX) and 1.7(BM). The me- 
dian redshifts of these samples ar e 2.22 ± 0.34 (BX), an d 
1.70±0.34(BM), respectively (e.g. lAdelbereer et al.l^2004^ . 

The observed number density of BX and BM galax- 
ies (nex/Bivi) is s omewhat higher than z — 3 LBGs. In- 
deed, according to lAdelberger et all ll2005l) . nex = (6±3) x 
10"^ hloo Mpc"^ and hbm = (5 ±2.5) x 10"^ hfoo Mpc'^, 
whereas nLBG = (4±2) x 10""^ /if 00 Mpc~^. We summarize 
these numbers in Tabic for h^o- 

i^haulcv ct al. (2005) derived the stellar masses (M*) of 
72 spectroscopically-confirmed z — 2.2 ± 0.3 galaxies using 
UV to mid-IR observations. The mean M* of their sample is 
< logM* >= 10.3 ± 0.5 for a Salpeter IMF extending from 
0.1 to 100 M0. 



The last piece of information needed to estimate the 
contribution of the BX galaxies to the metal budget is their 
metallicity. Few BXs h ave had their gas pha se metallicities 
published. For instance. lShaplev et al.ll|2004l) found that the 
metallicities of 7 BX galaxies are close to solar, but the me- 
dian of a muc h larger sample appears to be about half solar 
JPettinill2005ll . 

Using these estimates, we find that BX galaxies con- 
tribute: 

pz.Bx ^ 3.8 X 10^ Mq Mpc-3 (2) 

0.5 /j0 

to the cosmic metal density or about 10% of the expected 
metal density at z~2 (equation 0. 

BX galaxies with K-band magnitudes brighter than 
20 (hereafter BX-I-K20) appear to be more evolved sys- 
tems. Indeed, they s eem to have higher s tellar masses [< 
logAf* 11 ± 0.6. IShaplev et al.l fcOOsh l and are more 
metal rich: their median meta llicity is slightly below so- 
lar [Z ~ 4/5Zm. IPettinil (|20ol)]. However, they are signif- 
icantly rarer: their number den sity is a f actor of 10 lower 
[n ~ 1.7 X 10""* h^o Mpc'^ S haplev et alj ||2005.) 1. The out- 
come is that -ft's-bright BX galaxies contribute significantly 
to the metal budget: 

PZ,BX.K<20 3.0 X 10^ Mq Mpc'^ (3) 

O.o Zi0 

or 8% of the estimated total metal density (equation^. 
These numbers are summarized in Tabled 

Unlike for the SMGs in paperl, we have not applied a 
correction for the "duty cycle", the fraction of cosmic time 
over which they meet the observational selection criteria. 
The duty cycle of BXs can be estimated from the comparison 
of the clustering strengt h to the observed number density 
(Adclbcrg or et al...2005.) . lAdelberger et al.l (2005) find that 
the duty cycle for the "BM/BX" galaxies is ~1.0, suggesting 
no correction to our estimate is required. 



2.2 The contribution of DRGs 

Red near-infrared col our selection of galaxies (such as DRGs 
with J - Ks > 2.3 iFranx et al"! l2003l : Ivan Dokkum et alJ 
1^003^ was designed to discover large numbers of z ~ 2.5 
evolved galaxies with a strong Balmer break. DRGs are mas- 
sive galaxies and include both heavily reddened SF galaxies, 
and PE galaxies (iForster Schreiber et al, .l2004llLabbi' et alJ 
2005). 

The space density of DRGs is about 1 x 
10"^ fe?n Mpc iLabbe et all l2005l: iReddv et alJ [200^). 
iForster Schreibere^dT ~ il20M) found, from modelling the 
spectral energy distributions (SEDs) of DRGs, that their 
mean stellar mass is about 5 times higher than z~ 3 LBGs, 
or AU ~ 1 X 10" M0(for a Salpeter IMF between 0.1 and 
100 Mq) and only varies by a factor of ~2 depending on 
the star formation history ass umed. 

Ivan Dokkum et al.l (^OO^) estimated the metallicity of 
a couple of DRGs from Keck NIRSPEC spectra. They 
found that the metallicities, as determined using [A'^JJ]/IIq, 
are high, 1 -1.5 times the solar value . From the long slit 
kinematics, Ivan Dokkum et al 

] l|2004) estimated that the 
dynamical masses are about --^ 1 x 10^^ Mq, in agree- 
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ment with the mass est i mates using the SED modelling of 
iForster Schreiber et aP J2004l) . 

Based on these published results, we find that the cos- 
mic metal density contributed by DRGs is: 

pz.DRGs ~ 2 X lO'^ ^0 MPC"^ (4) 

or 5% of the expected metal density (equation Ql. 



3 DISCUSSION & CONCLUSIONS 

Table summarizes the observations discussed here. The 
properties of z = 3 LBGs are listed for comparison. 

From the observations discussed above, we find that the 
metal density in BX galaxies is: 

Pz.Bx = 3.8 X 10" 4^Mo Mpc-3 , (5) 

or 10% of the metal budget, assuming a mean metallicity 
< ^ > of one-half solar and the above co-moving space 
densities. 

The more evolved sub-sample of the BX sources, namely 
BX+K20 galaxies, are rarer (by a factor of 10), but more 
massive (by a factor of 5), and more metal rich (by a factor of 
2). Thus, they double the total contribution of 'BX' galaxies 
to the metal budget. The metal density of this subsample is: 

PZ.BX+K20 = 3.0 X lO'' 4^Mo Mpc-3 (6) 
4/5Z0 

or 8% of the metal budget. Thus, the rare A'-bright galaxies 
at z > 2 are a major source of metals in the budget. We are 
still far from closing the metal budget however. If we take 
these numbers at face-value, as much as 18% of the metals 
could be in BX galaxies. 

Regarding the 'BzK' selection of z ~ 2 galaxies 
by Ipaddi ct al. ( 2004), we note that the mean redshifts 
for BzK/SF (star- forming) galaxies and BzK/PE (passive 
evolvi ng) galaxies is < z >~ 2 ± 0.3 and 1.7 ± 0.2, respec- 
tively jReddv et alJl2005^. Foc using on the z > 2 subsample 
(i.e., BzK/SFl. iReddv et al.l J2005I) showed that the 'BX' 
selection criteria and that the 'BzK/SF' selection criteria 
overlap significantly (~ 80%) to Ks = 22. We therefore view 
these two populations (BX and BzK/SF) as two strongly 
overlapping samples which do not require separate analyses 
of their contribution to the metal budget at z~2. 

Having now considered a substantial number of samples 
of galaxies selected at z^2, we can now estimate the total 
metal budget in galaxies. We have estimated that 5% (< 9%) 
of the metals are in z ~ 2.4 SMGs (brighter than 3 mjy; 
as shown in paper I), 18-f5% in UV-selected and J — K- 
selected galaxies, and 5% in DLAs ( .Pettini et alji2003i . and 
the forthcoming paper III). The resulting sum is: 

pz.gaiaxicB =i 1.3 X 10*^ M0 Mpc-3 (7) 

or ~33% of the expected metal density at z ~ 2 (equa- 
tion [TJ ^. 

However, equation|7|is a lower limit given that we really 

We note that at 2 ~ 3, the "missing metals problem" likely 
remains more acute. Unlike the "BM/BX" galaxies, LBGs only 
contribute about 5-10% of the total metals at z^S. 



only considered the bright end (>L*) of the galaxy luminos- 
ity function. One obvious criticism of our approach is that 
given the limited depth of the selection images and the ob- 
vious incompleteness, could the metals hide in low luminos- 
ity/low mass galaxies? While it is difficult to estimate what 
the contribution of the faint end of the luminosity function 
might be to the total metal budget, perhaps considering the 
local population of galaxies might be useful as a guide. In the 
local Universe, while galaxies at the faint-end of the luminos- 
ity function are more numerous tha n the luminous galaxie s, 
they are also more metal-poor fe.g.. ITremonti et al.ll200'3) . 

For the local Universe, we estimate the contribution 
of the faint-end of the luminosity function (j}{L) using 
the well-known luminosity-metalli city (LZ) relation (e.g. 
ITremonti et al.l2004lGarneti^2002^. Using m ass-to-hght ra- 
tios \M/L(L)] from'Kauffma nn et^ J 2003h. the z = LZ 
relati on (0/H(M ) or Z(M)) from lGarn ctt (2002) and (f>{L) 
from iDriver et alJ (|200^ , one can estimate the cumulative 
metal density {J (l>{L)M/ L{L)Z{M)). Fig. [T]shows the cu- 
mulative Oxygen density M{0) at z = 0. The right axis 
shows the total metal density M{Z). The 5th, 50th and 90th 
percentiles are shown. From Fig.0 one sees that, at z = 0, 
50% of the metals are in galaxies fainter than Li,. Note that 
the metal density reaches ~ 2 x 10^ Mq Mpc~^, close to the 
metal density obtained from integrating the SFH down to 
z = 0, i.e. pz,z=o = 1.8 X 10^ Mq Mpc~^, showing that the 
normalization must be approximately correct. Constraints 
on the LZ relation at z > 2 are ju st becoming available 
JSavadio et alj|2005l: lErb et aljlioosl. C.C. Steidel, private 
communication) . 

Based on these local results, at least 50% of the metals 
in galaxies are in objects on the faint-end of the luminosity 
function (L<L*). The limiting depths of the surveys that 
find z~2 galaxies reach to or even beyond L*. If we assume 
for simplicity that our numbers and estimates are appro- 
priate for L* and more luminous galaxies and that the z~2 
galaxies have a similar relative fraction of metals above and 
below L*, it would suggest that we need to correct our total 
metal estimate by about a factor of 2. This is likely an over- 
estimate of the true correction necessary for the faint end of 
the luminosity function and shows that the total contribu- 
tion to the metal budget is roughly 60% or less. In addition, 
this sum might also count some of the galaxy types twice, 
given that we effectively extrapolate to the faint end of the 
LF for each of the samples. Given these caveats, one can 
easily account for ~ 30 — 60% of the metal budget. We will 
discuss in paper III the possibility that the remaining miss- 
ing metals could have been ejected from small galaxies via 
galactic outflows into the IGM. 
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Figure 1. The cumulative Oxygen cosm i c den sity using the z = 
luminosity function from iDriver et alj f2005), the LZ relation 
from Garnett (2002) and the M/L fromlKauffmann et al. |2003). 
The right-axis shows the cosmic metal density. The 5th, 50th 
and 90th percentiles are shown as a cross, triangle and circle re- 
spectively. Because of the very opposite slopes of the LF and of 
the LZ relation, the 50th percentile arises at around L ~ L*. 
As a consequence, 50% (or more) of the metal budget lies in 
the faint end of the LF. Note that the metal density reaches 
~ 2 X lO'^ Mq Mpc— 3, close to the metal density obtained from 
integrating the SFH, i.e. 1.8 X lO'^ Mq Mpc-^, showing that the 
normalization appears to be correct. 
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